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An issue in blood oxygenation level dependent contrast-based functional MRI is the accurate interpretation of the
activation-induced signal changes. Hemodynamic factors other than activation-induced changes in blood
oxygenation are known to contribute to the signal change magnitudes and dynamics, and therefore need to be
accounted for or removed. In this paper, a general method for removal of effects other than activation-induced
blood oxygenation changes from fMRI brain activation maps by the use of hypercapnic stress normalization is
introduced. First, the effects of resting blood volume distribution across voxels on activation-induced BOLD-
based fMRI signal changes are shown to be significant. Second, the effects of hypercapnia and hypoxia on resting
and activation-induced signal changes are demonstrated. These results suggest that global hemodynamic stresses
may be useful for non-invasive mapping of blood volume. Third, the normalization technique is demonstrated.
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INTRODUCTION

The utility of functional magnetic resonance imaging
(fMRI) as a brain mapping tool is directly related to the
degree to which the relationship between MRI signal
changes and underlying neuronal activation can be estab-
lished. Two ‘filters’ separate direct observation of neuronal
processes using fMRI. The first is the relationship between
neuronal activation and hemodynamic changes, and the
second is the relationship between hemodynamic changes
and MRI signal changes.

During neuronal activation, measurable electromag-
netic1–4 and metabolic1, 5–10 changes are produced. Through
incompletely understood mechanisms1, 11–18 these changes
are accompanied by changes in blood flow,11, 12, 15–23 vol-
ume,11, 24–27 and oxygenation.11, 26–30 It is not known whether
these changes are constant across tasks and across regions in
the brain, or exactly what mediates them.

In the past five years, progress has been made in the
characterization of the relationship between activation-
induced hemodynamic changes and fMRI signal changes.
Perfusion and oxygenation changes in capillaries are closer
in both space and time to neuronal activation than those
arising from arteries or veins. While fMRI pulse sequences
can be sensitized to specific populations of vessel sizes,
blood flow velocities, and contrast mechanisms, T*2-
weighted imaging using blood oxygenation level dependent
(BOLD) contrast is most commonly used for fMRI because
it has the highest functional contrast to noise ratio of any
other fMRI sequence by about a factor of two to four. The
drawback of T*2-weighted imaging is that the functional

contrast includes, along with subtle capillary oxygenation
changes, large vessel ‘downstream’ draining vein effects
and, in the case of short TR-high flip angle sequences (short
TR values are required for non-EPI fMRI sequences), large
vessel ‘upstream’ arterial inflow effects. In fact, as will be
demonstrated, the fMRI signal is strongly weighted by the
blood volume in each voxel. Large vessels may cause
voxels to have as high as 100% blood volume. These large
vessel effects can be misleading unless identified and/or
removed.

In this paper, a method for removal of large draining vein
effects from brain activation maps by the use of a
hypercapnic stress is introduced. First, the theory and
rational behind using a hypercapnic stress to remove large
downstream vein effects from brain activation maps is
described. Second, the effects of hypercapnia and hypoxia
on global T*2-weighted signal and on activation-induced
signal changes are shown. Third, the normalization tech-
nique is demonstrated.

THEORY

A concern in BOLD contrast based fMRI is that factors
other than blood oxygenation changes coincident with
neuronal activation influence the magnitude of the activa-
tion induced signal changes. The effects of these other
factors prevent quantification of neuronal activation, and
comparison, using a single task, of activation magnitude
across separate cortical regions. In addition, they may
interfere with accurate assessment of the location and
timing of neuronal activation. Biophysical models describ-
ing mechanisms of fMRI signal changes have beenw Correspondence to: Peter A. Bandettini; email: pab@post.its.mcw.edu
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published.31–38 These models suggest that, in the case of
BOLD contrast, the magnitude of the activation-induced
signal change in each voxel is determined, among other
factors, by vessel geometry, hematocrit, blood volume, and
blood oxygenation changes. These models have indicated
that resting state blood volume is one of the strongest
determinants of the fMRI signal change magnitude, other
than activation-induced oxygenation changes. For example,
if two voxels in the brain have different blood volumes yet
the vessels in each voxel undergo identical oxygenation
changes with activation, the voxel with the higher blood
volume will show a larger signal change. Simulations,32

showing the effect of resting blood volume and oxygenation
on transverse relaxation rate change, (Fig. 26 of Ref. 32)
were used for illustrative purposes in this paper. This
particular simulation, performed using a deterministic
method to model spin diffusion effects,39 assumed an
average vein radius of 10 mm, a susceptibility difference,
Dx, between fully oxygenated red blood cells and fully
deoxygenated red blood cells, of 0·1831026 cgs, a random
orientation of freely permeable vessels, a spin diffusion
coefficient of 1 mm2/ms, and a hematocrit of 42. A second-
order polynomial fit to the simulated data was performed.
Given that DR*2 (s21 ) is the change in relaxation rate
(DR*2 =1/T*2 =2 ln(S9/S)/TE, where S9 is the MRI signal
during a state when the blood is not 100% oxygen saturated,
S is the MRI signal during a state when blood is 100%
oxygen saturated, and TE is the echo time) that occurs with
changing the blood oxygenation from 100% saturated, the
relationship between DR*2 and blood oxygenation and blood
volume was approximated to be:

DR*2 =bv(1.8123.38(O2 )+1.57*(O2 )2 ), (1)

where bv is blood volume (100=100% blood volume), and
O2 is fractional oxygen saturation (1=100% saturated). An
isocontour plot of DR*2 as a function of fractional blood
volume and oxygenation is shown in Fig. 1.

Considering that a TE of 40 ms is typically used in
functional imaging experiments to maximize sensitivity to
susceptibility changes, the fractional MRI signal change
(D%MRI), given a change in R*2, is described by:

D%MRI=1003 (e2 (DR*20.04) 21). (2)

Considering a resting state, hemoglobin oxygenation satura-

tion of 60%. The dependence of D%MRI on resting state
fractional blood volume and activation-induced change in
hemoglobin saturation can be expressed as:

D%MRI=

100(21+e20.04(20.3472bv+bv(1.8123.38(0.6+O2)+1.57(0.6+O2)2))). (3)

An isocontour plot of D%MRI (assuming a resting blood
oxygenation of 60%) as a function of hemoglobin saturation
change and resting state fractional blood volume is shown in
Fig. 2. The plotted range in hemoglobin saturation change is
from 0 (no change) to 0.15 (typical of the change in venous
blood oxygenation that occurs with brain activation), and
the plotted range in fractional blood volume is from 0 to
60% blood volume (a typical range of what occurs across
MRI voxels in the brain). It is assumed that the primary
source of blood volume variation is over space and not
coincident with activation.

Note in Fig. 2, as an example, that if the blood volume
increases from 5 to 20% (i.e. a voxel in cortex and a voxel
containing a draining vein) the activation-induced fractional
MRI signal change, given an oxygenation change of 0.15
(60% saturation to 75% saturation), changes from an
activation-induced increase of 2.5% (bv=5%) to an activa-
tion-induced increase of 15% (bv=20%). The method by
which the variable effects of these blood volume differences
over space can be taken into account is shown below.

A simulated cross-sectional sample of voxels is shown in
Fig. 3 for illustrative purposes. First, the origin of the
oxygenation change that occurs during brain activation is
shown as the vertical bar in the center of the graph. This
represents the region of cortex where neuronal firing and
arteriole dilatation takes place. The activation-induced
oxygenation change is shown to drop off exponentially over
space. The horizontal dotted line represents a global
increase in oxygenation that is induced by hypercapnia40–42

or acetazolamide.43

Figure 3(b) shows the hypothetical distribution of blood
volume over space across the same cross section. Vein
blood volumes are shown by the solid line and capillary
blood volumes are shown by the dotted line. Capillary blood
volume is in the range of 2 to 5% and is somewhat
homogeneously distributed over space. The blood volume

Figure 1. Isocontour plot, based on the relationship derived
from simulations32, of DR*2 as a function of fractional blood
volume and oxygenation. This plot demonstrates that resting
state blood volume in each voxel is an extremely strong
determinant of DR*2 with a change in oxygenation.

Figure 2. Isocontour plot of the fractional MRI signal change
(assuming a resting blood oxygenation of 60%) as a function of
hemoglobin saturation change and resting state fractional blood
volume. The range of hemoglobin saturation change is from 0
(no change) to 0.15 (typical of the change in venous blood
oxygenation that occurs with brain activation), and the plotted
range in fractional blood volume is from 0 to 60% blood
volume.
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from large vessels is more heterogeneous since the scale of
the vessel size and spacing is similar to the voxel size. In a
typical MRI image, the blood volume per voxel can vary
from 5 to 60%.

Figure 3(c) and (d) are the calculated fractional signal
changes over space with activation and with hypercapnia,
based on the relationship in Equation 3, which takes into
consideration the blood volume (from Fig. 3(b)), and the
relative oxygenation change (from Fig. 3(a)). As can be
seen, the magnitude of the signal change is highly weighted
by the blood volume in each voxel. Note that the magnitude
of the signal change in Fig. 3(c) is not reflective of the
largest oxygenation change but is instead weighted by large
vessel effects. This is the classic ‘large vessel effect’ in
BOLD contrast fMRI.

Assuming that hypercapnia and neuronal activation cause
similar hemodynamic events, one which is a global increase
in oxygenation and the other which is a local increase in
oxygenation, then the division of a ‘fractional change
during brain activation’ image by a ‘fractional change
during hypercapnia’ image would give a ratio map that is
normalized to the signal change accompanying global
vasodilatation, and would then have these ‘large vessel
effects’ removed. Figure 3(e) illustrates this concept. In Fig.
3(e), the plot in Fig. 3(c) is divided by the plot in Fig. 3(d).
The resulting plot is very similar to the plot in Fig. 3(a),
which shows the actual activation-induced oxygenation
change over space. The source of vasodilatation is accu-
rately determined. If the assumption that blood volume in
each voxel is the hemodynamic factor that most strongly
determines BOLD-based fMRI signal changes, given an
oxygenation change, then the fractional signal change maps
produced by a hypercapnic stress can be used to completely
remove ‘large vessel effects’ in fMRI. This method is
demonstrated below.

EXPERIMENTAL

Single shot saggital gradient-echo echo-planar images
containing the motor cortex were obtained using a GE 1.5 T
Signa scanner, a 30.5 cm i.d. three-axis local gradient coil,
and a whole-brain endcapped quadrature transmit/receive
birdcage RF coil. Voxel volume=3.7533.7535 mm3,
TE=40 ms, and TR=2 s. Seven time course series were
obtained. In each time course series, 120 sequential images
were collected. Each time course series was separated by a
5 min rest period.

The trials performed were as follows. Trials 1 and 2:
Hypoxia (breathing of 12% O2 ) for a duration of 3 min,
starting after 30 s of breathing room air. No finger
movement was performed. Trials 3 and 4: Hypercapnia
(breathing of 5% CO2 ) for a duration of 3 min, starting after
30 s of breathing room air. No finger movement was
performed. Trial 5: Cyclic bilateral finger movement (10 s
‘on’ and 20 s ‘off ’) during the entire time course, while
breathing room air. Trial 6: Cyclic bilateral finger move-
ment (entire time series) combined with hypoxia (starting
after 30 s). Trial 7: Cyclic bilateral finger movement
combined with hypercapnia (starting after 30 s).

From Trial 5, the activated motor cortex region was
obtained using correlation analysis.44 All subsequent voxel-
wise analysis was performed on those voxels that
demonstrated a correlation coefficient, in Trial 5, above 0.5
with a reference boxcar function representing the motor

Figure 3. Hypothetical cross-sectional samples of voxels from
an image of the brain. (a) Normalized in oxygenation that occurs
in the brain as a result of brain activation (solid line) and
hypercapnia (dotted line). The source of brain activation is
indicated as the black bar at center. Hypoxia creates a global
increase in oxygenation, (b) Typical blood volume distribution.
Vein blood volumes (more heterogeneously distributed) are
shown by the solid line and capillary blood volumes are shown
by the dotted line, (c) Calculated, based on eq. (3), fractional
signal change with brain activation, (d) Calculated fractional
signal change with hypercapnia, (e) Fractional signal change
with activation divided by fractional signal change with hyper-
capnia. This calculation removes the effect of blood volume
heterogeneity across voxels and allows accurate localization of
the voxels with the greatest activation-induced oxygenation
changes.
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cortex task timing. Comparisons were made of the magni-
tudes of the stress (hypercapnia or hypoxia)-induced and the
activation-induced fractional signal changes either on a
voxel-wise basis or on a region of interest (averaging over
space) basis.

RESULTS

Figure 4(a) shows an anatomical echo-planar image of the
slice chosen. Fig. 4(b) shows a brain activation image
obtained by calculation of the dot product of a reference
function representing the expected activation-induced
response with the time course from Trial 5. Figure 4(c) and
(d) show images obtained by subtraction of the average of
image numbers 10–20 (baseline) from the average of image
numbers 40–120 in time courses of Trials 1 and 2
(hypoxia), respectively. Figure 4(e) and (f ) show images
obtained by subtraction of the average of image numbers
10–20 (baseline) from the average of image numbers
40–120 in time courses of Trials 3 and 4 (hypercapnia),
respectively. The results are highly reproducible and the
patterns of signal change during hypercapnia and hypoxia
are similar in magnitude yet opposite in sign. Regions of
highest blood volume (sinuses) appear to show the largest
signal changes with the global stresses and during finger

movement.
From a region in motor cortex, the average signal

changes were: Trial 1, 28.1±1.0%; Trial 2, 28.8±1.2%;
Trial 3, 10.0±1.5%; Trial 4, 7.3±1.4%; Trial 5, 2.6±0.3%.

Time course plots from a single region of interest, from
Trials 1 through 4 are shown in Fig. 5. During hypercapnia,
a signal increase is observed, demonstrating that an increase
in flow without an increase in the oxygen extraction rate
caused an overall increase in oxygenation. During hypoxia,
the baseline signal decreased, suggesting that the arterial
oxygenation decreased without significant compensatory
vasodilatation, causing the blood oxygenation to decrease.
This study helps to further establish the sensitivity of this
sequence to oxygenation changes and not to flow changes,
since hypoxia is not known to cause decreases in flow.

Time course plots corresponding to Trials 5 through 7 are
shown in Fig. 6. The amplitude of the activation-induced
signal change was significantly damped during hypercapnia.
During hypoxia, the amplitude of the activation-induced
signal change was only slightly damped. Because hypoxia
does not cause significant increases in flow, it does not
damp activation-induced signal changes.

A voxel-wise comparison was made between brain
activation-induced signal changes (while breathing room
air) and signal changes caused by hypoxia and hypercapnia
(during no finger movement). Figure 7 is a voxel-wise
comparison of signal change during finger movement with

Figure 4. (a) Anatomical echo-planar image, (b) Brain activation image (finger movement) from Trial 5, (c) and (d) Average stress
(hypoxia: image numbers 40–120)—average baseline (image numbers 10–20) from Trials 1 and 2, (e) and (f ) Average stress
(hypercapnia: image numbers 10–120)—average baseline (image numbers 10–20) from Trials 3 and 4.
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the signal changes during hypoxia (average of 1 and 2) or
hypercapnia (average of 3 and 4). The changes appear to be
proportional to one another. The voxel with the largest
signal change with activation also corresponds to the voxel
with the largest signal change during hypercapnia or
hypoxia.

Figure 8 is a voxel-wise plot of ‘percent change during

finger movement’ vs ‘percent change during finger move-
ment+percent change during hypercapnia’ from the 32
voxels in the region showing activation. Several voxels
have a ratio of approximately 1. It is hypothesized that, in
these voxels, the strongest activation-induced vasodilatation
has taken place, as explained in Fig. 3. Note that the largest
changes prior to normalization (y-axis), have nearly the
smallest ratios (x-axis), indicating that the actual activation-
induced oxygenation change in these voxels may have been
minimal (downstream), but a large blood volume in these
particular voxels has amplified the percent signal change.
The relative signal change magnitudes before and after
division of the activation-induced percent signal change
map by the hypercapnia percent signal change map, (here
Trial 4 is used), are shown in Fig. 9 The region of highest
signal change, after division by a ‘percent change during
hypercapnia’ mask, has moved from the sagittal sinus to a
region apparently in cortex.

CONCLUSIONS

Within the region that demonstrated changes during activa-
tion, the spatial pattern of signal change caused by finger
movement was similar to the pattern created by the global
stresses. This suggests, along with prior simulation studies,
that the primary cause for spatial variation in signal change
during activation is spatial heterogeneity in blood volume,
and that the small gradient in blood oxygenation that
extends away from the activation-induced source of vasodil-
atation only secondarily contributes to relative signal
change magnitudes. Division of activation-induced percent
change maps by hypercapnia-induced percent change maps
successfully normalized the signal changes to differences in
vessel architecture, leaving behind, as the highest signal
intensity region, the area of activation-induced vasodilata-
tion. This method may be necessary to increase functional
resolution of fMRI and, in the future, may be useful in
quantification of activation-induced flow changes, assuming
the ability to quantify global hypercapnia-induced flow
changes.

Several other observations may be drawn from this study.
Hypercapnia increased the overall signal intensity, and
damped activation-induced signal changes, demonstrating a

Figure 5. MRI signal from a 15 voxel region in motor cortex
during two Trials (Trials 1 and 2) of hypoxia (12% O2) and two
Trials (Trials 3 and 4) of hypercapnia (5% CO2).

Figure 6. MRI signal from the same 15 voxel region as in Fig. 5
during combinations of cyclic on-off finger movement and
breathing of room air (Trial 5), finger movement and hypoxia
(Trial 6), finger movement and hypercapnia (Trial 7).

Figure 7. Voxel-wise scatter plot comparison (32 voxels) of
signal change during finger movement with the signal changes
during hypoxia (average of Trials 1 and 2) or hypercapnia
(average of Trials 3 and 4). The changes appear to be propor-
tional to one another, suggesting that factors other than blood
oxygenation changes, (specifically resting state blood volume
differences over space) contribute significantly to activation-
induced BOLD signal change magnitude.

Figure 8. Voxel-wise plot of ‘percent change during finger
movement’, vs ‘percent change during finger movement+per-
cent change during hypercapnia’ from the same voxels as
shown in Fig. 7. Several voxels have a ratio≈1. It is hypothesized
that, in these voxels, the strongest activation-induced vasodila-
tation has taken place.
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competitive, and possibly identical, signal change mecha-
nism as that caused by neuronal activation. Hypoxia
decreased overall signal intensity but did not as strongly
damp the activation-induced signal changes. The lack of
competition with activation-induced signal changes agrees
with the understanding that hypoxia does not cause
significant vasodilatation.

As simulated and demonstrated, the BOLD contrast-
based signal changes are strongly weighted by blood
volume in each voxel. If it is assumed that the oxygenation
increase with hypercapnia is constant across the brain, then,

because of this strong volume weighting of the fMRI signal
change, the technique of administering a hypercapnic stress
may also be useful for noninvasive mapping of cerebral
blood volume.
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